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Abstract— This article presents the results of a comprehensive
characterization of special radiation-resistant multimode optical
fibers, including complementary irradiation tests during mass
production. Radiation-induced attenuation measurements were
carried out at different wavelengths and the attenuation behavior
studied with varying the dose rate. Following a preliminary
qualification performed upstream the production, CERN, the
European Organization for Nuclear Research, validated the
procurement of 500 km of fiber for installation in the acceler-
ator complex and experiments. A strict quality assurance plan,
including quality control and irradiation tests, was implemented
for monitoring the characteristics of the supplied optical fibers
all along the production process. The results show resistance to
radiations consistently below 60 dB/km for a total dose of 10 kGy
and a dose rate of 0.2 Gy/s and stable optical performance over
hundreds of fiber spools produced during a 6-year period.

Index Terms— CERN, optical fiber, procurement process, qual-
ity assurance, quality control (QC), radiation effects, radiation-
induced attenuation (RIA).

I. INTRODUCTION

MULTIMODE (MM) optical fibers are widely used at
CERN (European Organization for Nuclear Research)

for control and data transmission. Systems, such as data
acquisition for the CERN particle detectors, are regularly
consolidated and upgraded using MM optical fibers. The
Versatile Link Plus project is, for example, one of those
projects, which targets the phase II upgrades of the ATLAS
and CMS experiments at CERN [1]. That project requires
the development of a radiation-resistant data link, transmitting
5–10-Gb/s data rates in the upstream direction and 2.5-Gb/s
rates in the downstream, using MM optical fibers.

Optical fibers are exposed to high-radiation environment in
the CERN accelerator complex and experimental areas, where
dose rates can reach up to hundreds of kGy per year. This
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exposure increases the attenuation of the optical fiber, even in
the infrared spectral region of interest for optical communi-
cations [2]. This phenomenon can lead to such degradations
that the concerned systems can no longer operate. The failure
of a fiber used in control systems could result, for example,
in the interruption of the entire CERN accelerator complex and
experiments. The optical fibers installed in those areas must
therefore be of a special radiation-resistant type.

In this context, CERN procured 500 km of special radiation-
resistant MM optical fiber (RR-MMF). CERN requirements
have led to the setting up of a quality assurance plan (QAP)
aiming at monitoring the quality level of the supplied
RR-MMF and at ensuring the compliance with the CERN
requirements. This quality assurance process is described
in detail thereafter. Results put in evidence how an early
screening, during the production phase, of the performance
of the irradiated fibers, allows for a prompt identification of
nonconformities and consequent production tuning.

II. OPTICAL FIBER QUALIFICATION

The radiation-induced attenuation (RIA) of the optical fiber
originates from the formation of color centers in the opti-
cal fiber glass when exposed to radiation, and such centers
are mainly created by the ionization of atoms in the glass
structure [3]. These defects absorb light at different wave-
lengths depending on their types and can recombine in other
defects [4]. Their formation is strongly correlated with the
fiber manufacturing process (e.g., dopant and doping level,
production process, drawing conditions) [5]–[8] and to the
irradiation conditions (e.g., dose rate, total dose, light power,
temperature) [9]–[11].

A survey of the commercially available RR-MMF brought
CERN to implement a collaboration with one fiber manufac-
turer in order to precisely qualify and to optimize a novel
radiation-resistant fiber. The long-lasting efforts in developing
an MM fiber suitable for high radiation environment and room
temperature resulted in a procurement contract for CERN. This
collaboration, and later the contract, was set up with Prysmian
Group and the concerned fiber is commercially named “Super
RadHard” Multimode Fiber (SRH-MMF). Tighter specifica-
tions regarding RIA were established in addition to the base
specifications, by mutual agreement, with CERN bearing the
responsibility for testing the RIA of the supplied fibers. This
optical fiber is a graded index glass fiber with a 50-µm
core and a cladding of 125 µm, both doped with fluorine
(F-SiO2) [12]. The presence of fluorine decreases the number
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TABLE I

TYPE TEST RESULTS PERFORMED BY PRYSMIAN ON THE RR-MMF
UNDER STANDARD ENVIRONMENTAL CONDITIONS

of strained bonds [13], [14], increasing the radiation hardness
of the silica-based optical fibers [14]–[16].

CERN requirements and the qualification test results of
the procured optical fiber are described and discussed in
Section II-A. A rigorous qualification of the procured special
optical fiber type has been performed in order to ascertain the
compliance with CERN requirements, especially in terms of
radiation resistance.

A. CERN Requirements

The selected optical fiber type shall be MM and compatible
with international standards ITU T G.651.1 and IEC 60793-
2-10 for telecom fibers. Any deviation from the standards had
to be addressed to CERN during the contract tendering phase.

CERN requested the qualified optical fiber to have an RIA
below 60 dB/km for light with a wavelength of 850 ± 30 nm
and below 10 dB/km for light with a wavelength of 1300 ±
30 nm after an exposure to 10-kGy total ionizing dose (TID)
at 25 ± 3 ◦C. The RIA shall not exceed the specified limits
for light power ranging from 10 up to 25 µW and dose rate
ranging from 0.01 up to 0.2 Gy/s. Here, Gy always means
Gy(SiO2).

B. Type Tests

Type tests under standard environmental conditions were
asked to the manufacturer in order to demonstrate the con-
formity of the supply to the CERN requirements. Those tests
were performed on representative samples of the production
in accordance with IEC 60793.

Table I shows the performed tests and their results. The
RR-MMF complies with IEC 60793-2-10 (A1 fiber category)
and ITU-T G.651.1, with exception for the chromatic dis-
persion characteristics. When measured, the zero-dispersion
wavelength shows lower value compared to the international
standards specifications. This value is attributable to the
presence of fluorine instead of germanium, usually used
in the core of standard MM fiber. However, a smaller
chromatic dispersion coefficient consequently improved the
fiber behavior at 850 nm. Hence, the fiber was globally
accepted.

Fig. 1. Schematic of the laboratory irradiation setup in Fraunhofer INT
(Euskirchen).

C. Irradiation Test

Although RR-MMF is planned to be installed in mixed
radiation fields, irradiation tests were performed with gamma
rays in Fraunhofer INT (radiation facilities in Euskirchen,
Germany). Several studies investigated the impact of the
radiation types on optical fiber and concluded that RIA is
mainly dominated by radiolysis and is proportional to the
total ionizing dose [10]–[17]. As gamma rays mainly generate
damages via the radiolysis effect, that type of source is suitable
for our tests.

The irradiation tests were performed according to the setup
shown in the schematic of Fig. 1. Two 60-m-long optical
fibers were irradiated at the same time, each fiber being coiled
around an aluminum spool of defined radius and placed around
a 60Co source of known radioactivity. The spool diameter was
kept above 110 mm to avoid macrobending influence during
the irradiation [18]. The distance of the sample from the source
determines the dose rate at which the fiber is exposed to.
The two irradiated samples are installed at exactly the same
position and therefore irradiated under the same irradiation
and environmental conditions.

The experimental setup is designed for irradiation tests at
room temperature (25 ± 3 ◦C) and consists of two highly
stable LED light sources emitting at 830 and 1310 nm and a
white light source for spectral attenuation measurement (from
950 to 2000 nm). Precision power meters and a spectrometer,
in the case of the spectral analysis, monitor the change in
output light power. Transition between samples, light sources,
and detectors is done, thanks to optical switches [19]. The
setup switches between samples every 10 s for the discrete
measurements, and every 100 s a spectral measurement is done
in each sample.

Fig. 2 shows the results of the qualification irradiation tests
performed on the RR-MMF at four different dose rates (0.02,
0.20, 0.50, and 1.00 Gy/s) up to doses of 2.1, 10, 1000,
and 100 kGy, respectively, and at two different wavelengths
(830 and 1310 nm) for a light power of −21.5 ± 1.5 dBm.
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Fig. 2. Irradiation test results of the qualified optical fiber (RR-MMF) at
different dose rates.

The figure shows that regardless of the dose rate, the RIA
at 830 nm increases with the accumulated dose, and then,
from a total dose varying from 50 to 250 Gy in the function
of the dose rate, saturates, while remaining constant or even
decreasing. The variation in dose rate, from 1.0 down to
0.2 Gy/s, does not led to major changes in the RIA, whereas
RIA at 0.02 Gy/s is about three times lower. The dose
rate dependence of the RIA is attributed to the competition
of defects creation and annealing during the exposure [20].
The defects generation rate is lower at low dose rate, while the
defects annealing rate is similar at both dose rates, for a given
type of defect when all the other parameters like temperature
and injected light are fixed. It can be deduced from these
results that the defects creation is less affected when the dose
rate is changed in the range between 0.02 and 0.2 Gy/s. The
RIAs at 1310 nm rapidly increase at the beginning, slow down,
and increase rapidly again. This phenomenon is characteristic
of the fluorine-doped fibers and is well described in other
studies [21], [22].

Fig. 3 shows the spectral measurement of the RIA for the
RR-MMF from 900 up to 2000 nm, for a light power of
−24 dBm, for a dose rate of 0.5 Gy/s. At short wavelengths,
the RIA increases quickly and then it stabilizes to almost
constant values. In comparison, the RIA increases continu-
ously with the dose at longest wavelengths. An extraction of
the spectral curves at 1, 10, 100, and 1000 kGy is shown
in Fig. 4. The wavelength with the lowest RIA decreases from
1700 nm at 1 kGy down to 1100 nm at 1 MGy. It is apparent
from these curves that the attenuation measured at low dose
is mostly affected by the tail of the RIA at low wavelength
and then at higher dose by the tail of RIA at high wavelength.
This double contribution explains the RIA kinetics, with an
increase, followed by a saturation and then followed again by
a second increase.

Fig. 5 shows the annealing behavior of the qualified
optical fiber at the four different dose rates and at both
830- and 1310-nm wavelength. The annealing occurs when
the irradiation stops and presents a fast decrease of the RIA
at the beginning. The faster annealing at 830 nm is observed

Fig. 3. Evolution of spectral measurement of the RIA for the qualified optical
fiber (MM-RRF) at 0.5 Gy/s.

Fig. 4. Spectral measurement of the RIA for the qualified optical fiber
(MM-RRF) at different total integrated dose and for a dose rate of 0.5 Gy/s.

for irradiation test performed at 1.0 Gy/s and the slower at
0.02 Gy/s.

The annealing of the fibers varies between 58% and 86%
at 830 nm and between 17% and 68% at 1310 nm. Despite
the important annealing, it is well known that the RIA would
return promptly to its previous level as soon as the optical
fiber is exposed again to radiation [25].

During the qualification of the RR-MMF under radiation,
rapid and periodic changes of RIA were noticed during the
attenuation measurement. Those changes of RIA revealed to
be linked to the switching of the light sources and therefore
to the change of light wavelength and power. This effect
is well known and is called photobleaching effects. For the
interpretation of the results, these variations were negligible
and therefore the curves were smoothed in the graphs. Further
investigations have shown a strong dependence of the RIA
on the transmitted light power at specific wavelengths. The
results of these investigations are documented in another
paper [26].
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Fig. 5. Relative annealing of the qualified optical fiber (RR-MMF) at different
dose rates.

III. PRODUCTION

The qualified fiber showing performance in line with the
CERN requirement, a contract was initially signed for a period
of 2 years. The production process, quality control (QC), and
irradiation tests are described in this section.

A. Process

The qualified RR-MMF is produced at Prysmian Group’s
optical fiber manufacturing facility in Eindhoven, The Nether-
lands. Thin layers of glass are successively deposited inside a
quartz tube using a plasma chemical vapor deposition (PCVD)
process [27], [28]. The energy generated by the plasma is
precisely concentrated inside the tube, allowing the deposition
of thousands of thin layers, leading to a great control of the
refractive index. During this step, both the fiber core and the
cladding are created.

Silicon tetrachloride (SiCl4) is the gas compound used to
produce high-purity silicon dioxide (SiO2), also known as
silica, during the PCVD process. The volume of chlorine
(Cl) shall be well controlled as it acts as a precursor for
the generation of Cl0 and Cl−2 absorbing defects [4]–[29].
The concentration of these defects varies with the irradiation
parameters and is strongly correlated with the presence of
fluorine [8], which is the only dopant of the fiber discussed
in this article. The fluorine is introduced through the silicon
tetrafluoride (SiF4) compound [30], which, used in large
excess, can degrade the deposition of layers from the gas
phase.

In addition to enhancing the radiation resistance of the fiber,
the use of fluorine allows reducing the refractive index and
consequently to manufacture a graded index fiber [12]. The
profile of the refractive index directly impacts the bandwidth
of the fiber.

The chemical vapor composition shall therefore be accu-
rately set to reach the best performances.

The drawing is performed at low speed to minimize the
quantities of defects created in the glass network. A dual-
layer coating system is applied on the fiber during its drawing.
The optimized coating system reduces the stress applied to the
cladding while keeping a good mechanical protection.

Fig. 6. Number of delivered RR-MMF individual lengths.

B. Schedule and Quantities

The 500 km of RR-MMF ordered by CERN were divided
in three batches, produced upon request. An initial order
of 200 km was issued in December 2014, followed by a second
of 150 km in August 2015 and a third order of 150 km in
October 2018.

The standard lengths available at the beginning of the
contract were 2200, 3300, and 4400 m. Thanks to process
improvement, Prysmian was able to supply spools with a
length up to 8800 m for the third batch. Each spool is identified
by a unique ID, including the preform number. In total, 111
spools, originating from 29 preforms, have been delivered. The
repartition of the individual fiber lengths is shown in Fig. 6.
Among the delivered spools, 24% were shorter than 4400 m,
60% were 4400-m long, and 16% were longer than this length.

C. Manufacturer QC

In the frame of this contract, several QC tests were requested
to the manufacturer in order to assess the performance of the
delivered fiber and its compliance with both the international
standards and the CERN requirements. These QC tests include
optical tests [i.e., attenuation, overfilled modal bandwidth
(OMB), bending losses, numerical aperture], dimensional tests
(e.g., core/cladding/coating diameters, noncircularity, concen-
tric error), and mechanical tests (e.g., proof stress). Some
of those tests were requested per preform and others per
individual fiber length.

The threshold implemented by Prysmian for the optical
fiber attenuation is more restrictive in regard to the standards
requirements. This allows a better monitoring of the fiber
quality after being drawn. The implemented thresholds are
2.5 dB/km at 850 nm and 0.5 dB/km at 1300 nm against
3.5 and 1.0 dB/km, respectively, in the international standards.
An overview of the measured attenuation is given in Fig. 7.
The measured attenuation of each fiber is shown with a
blue solid line for 850-nm wavelength and with a red solid
line for 1300 nm. The dashed lines represent the accep-
tance thresholds for those two wavelengths. Average values
of 1.88 and 0.42 dB/km were observed at 850 and 1300 nm,
respectively. It can be noticed that attenuation is quite constant
among the delivered fibers, with a standard deviation of about
0.046 dB/km at both wavelengths.
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Fig. 7. Fiber attenuation of all delivered fibers at 850 nm (blue solid
line) and 1300 nm (red solid line). Dashed lines: attenuation threshold values
implemented by Prysmian.

In addition to the attenuation measurement, a spectral analy-
sis was requested for each preform. Fig. 8 presents the spectral
measurement of the pristine attenuation measured for each
sample, for a wavelength from 450 up to 1700 nm, using
the cut-back method in accordance with IEC 60793-1-40.
In fact, the spectral measurement could not be conducted for
the full range of wavelengths and had to be performed in two
times: from 450 to 800 nm using a 400-m sample and from
600 to 1700 nm using a fiber spool. The vertical dashed lines
correspond to the main telecom wavelengths for MM fiber
(850 and 1300 nm).

The curves present four main attenuation peaks at 630,
1270, 1383, and 1530 nm. The first peak at 630 nm is generally
attributed to the presence of nonbonding oxygen hole center
(NBOHC) in the glass. This peak, called “drawing peak”
by the manufacturer, is influenced by the drawing conditions
(such as tension and speed) and the glass composition. The
attenuation increase at 1270 nm is largely assimilated to the
presence of interstitial O2 molecules trapped into the glass
[23]. This explanation mainly comes from luminescence exper-
iments. Since the beginning of silica optical fiber development,
the loss peak centered around 1383 nm was recognized as
the absorption of the hydroxyl group (OH). This peak, called
“Water peak,” causes increased attenuation from about 1360 to
1460 nm.

The last peak, located at about 1530 nm, is the signature of
Si–H bonds in glass [4]–[24]. This defect is mostly observed
in silica or fluorosilicate glass matrices. These last three peaks
are highly sensitive to the presence of water molecules in the
fiber environment.

By comparing the three delivered batches, we noticed,
in the second batch, a great reduction of the attenuation peaks
located at 1383 and 1530 nm. As mentioned above, those
peaks are mainly influenced by the environmental conditions
such as the presence of humidity, but also by the production
tolerances and the samples measurement conditions, such as
the fiber tension.

Table II presents the other optical tests performed by
the manufacturer in order to ensure the compliance of the
RR-MMF with the international standards. Both the test results
and the required values are presented. The thresholds imple-
mented for the bending losses are set by Prysmian below

Fig. 8. Spectral measurement of the pristine radiation-resistant fiber
attenuation.

TABLE II

OPTICAL TEST RESULTS FROM THE RR-MMF MANUFACTURER

the international standards, 0.5 dB against 1.0 dB at both
wavelengths.

Dimensional tests were performed on each RR-MMF deliv-
ered, with a proof test value of 0.7 GN/m2. Fig. 9 presents the
dimensional measurement results of the core, the cladding, and
the coating diameters of all delivered fibers. A nonconformity
at the core level could strongly impact the mode distribution,
as well as a nonconformity at the cladding level can prevent
the fitting of the fiber in a connector ferrule. These are only
two examples that highlight the importance of rigorously
monitoring the geometrical parameters of the produced fibers.
Table III gives the parameter specifications and some statistics
of the measured values.

D. Irradiation Tests

QC irradiation tests were performed with the setup shown
in Fig. 1 by Fraunhofer INT. In order to ensure the compliance
of each preform with CERN requirements, the fiber attenuation
during and after irradiation needs to be assessed. To do this,
the delivery of a 400-m sample for each produced preform was
stipulated in the contract. Although only 60 m was required
to assess the fiber RIA at the chosen dose rate and optical
power, the delivery of a longer sample gave the possibility to
perform multiple tests on the same fiber in order to check the
reproducibility of the tests or the possible changes in the fiber
performance over time.



1412 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 68, NO. 7, JULY 2021

Fig. 9. Geometrical measurement of the core/cladding/coating diameters of
all delivered fibers. Colored stripes: dimensional acceptance ranges.

To ensure a reliable comparison of the tests results, the irra-
diation parameters were fixed at the beginning of the con-
tract. All irradiation tests were performed with a dose rate
of 0.2 Gy/s and reached a total accumulated dose of 10 kGy.
The light power was kept at −20 ± 1.5 dBm and the
temperature at 25 ± 3 ◦C.

In total, 29 preform samples were irradiated. The irradiation
test results of all produced preforms at 830 and 1310 nm are
shown in Fig. 10, each curve corresponding to one preform
sample and one wavelength. The black dashed lines show
the RIA limits specified in the contract for each wavelength.
As can be observed from Fig. 10, three samples did not fulfill
CERN’s requirements as specified in the contract because
their RIA was significantly above the limits. In particular,
at 830 nm, their RIA was measured to be about a factor
3.5–4 higher than the conform samples. Similarly, at 1310 nm,
two of those samples also presented a nonconform RIA about
2–3 times higher than the conform samples at the term of the
irradiation, that is, at 10 kGy.

The cause of this nonconformity was investigated by the
manufacturer and diagnosed as merely related to machine
settings during production. The replacement samples provided
after solving the issue showed a behavior conforming with the
requirements.

E. Additional Test

The concerned RR-MMF is defined by the manufacturer as
a fiber of grade OM2 (determined by ISO 11801), meaning
a modal bandwidth of 500 MHz·km. This grade of MM fiber
easily supports applications from Ethernet 10 Mbit/s to Gigabit
Ethernet (1 Gbit/s) up to 550 m for the latter. However,
a fiber of this grade does not provide sufficient bandwidth
to support applications at higher transmission speed and are
limited to very short link length (e.g., 82 m in the case
of 10 Gbit/s Ethernet). In order to reach higher transmission
speed, laser sources must be used instead of LED, leading
to the development of new methods for qualifying the fiber
bandwidth. Differential mode delay (DMD) is one of these
methods [31], [32]. Short laser pulses are launched in different
positions of the fiber core, by moving the position of the

Fig. 10. Irradiation test results of all supplied RR-MMF batches at 850 and
1310 nm.

TABLE III

GEOMETRICAL TEST RESULTS FROM THE RR-MMF MANUFACTURER

TABLE IV

DMD TEST RESULTS FROM THE RR-MMF MANUFACTURER

source by small steps across the entire fiber core. The output
pluses are monitored in function of time for each launched
pulse. The effective modal bandwidth (EMB) is then calculated
using time positions and shapes of all pulses and matches
them against standardized weight functions that are intended
to represent the possible radial launch power distributions of
vertical-cavity surface-emitting laser (VCSEL).

In the frame of the procurement contract, only the OMB had
to be measured through the QC process. However, in order to
assess the EMB of the RR-MMF, DMD tests were performed
on four of the supplied fiber. The test results are given
in Table IV.

For three of the four fibers, these results reveal that the
tested fibers could, in fact, be considered as grade OM3.
A DMD test would have to be performed on each fiber in
order to determine if this one could be considered with a higher
grade than OM2.
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IV. CONCLUSION

The QAP put in place in the framework of the large-scale
procurement of MM radiation-resistant optical fibers, ensured
an accurate follow-up of the production and the compliance of
all the delivered fibers with both international standards and
CERN requirements.

The irradiation QC tests of the 29 produced batches (i.e.,
preforms) led to the rejection of 8% of the total MM-RRF sup-
plied, based on the contract specifications. An early detection
of the RIA nonconformity was assured by specific irradiation
tests implemented by CERN on each preform.

Thanks to the screening performed during the production
phase and following the detection of the RIA nonconformity,
the production process was tuned during the procurement of
the third batch in order to fulfill CERN requirements.

These results put in evidence the importance of the
implementation of a strong QAP, especially for such special
fibers which are intended to be installed in a high-radiation
environment where access to personnel is generally restrained
and limited.
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